Aims The contribution of plant mucilage and microbial biofilms in the rhizosphere to the physical behaviour of roots, and therefore on geotechnical performance, is not fully understood. We explore the impact of biopolymers on the ability of fibrous inclusions in soil to resist shear loading, to test the hypothesis that biopolymerenhanced cohesion will be most significant at shallow depths where frictional effects are less, whilst exploring the response of biopolymer to changes in the moisture regime. Methods Artificial root/biopolymer systems comprising 3D-printed fibres and xanthan gum biopolymer in sand have been tested under direct shear at low vertical normal stress (1-30 kPa). The impact of drying and wetting on the ability of the reinforced sand to resist shear was assessed.
Introduction
The contribution of vegetation to the mechanical and hydraulic performance of soils is well-known. In particular, the compressive stresses acting in a soil cause frictional interaction and interlocking between the root and soil grains. If two soil regions connected by a root are sheared relative to one another during deformation, a fine, flexible root will go into tension whilst a rigid, woody root would be able to sustain a degree of shear as well as tension (depending on orientation), resisting this movement (Stokes et al. 2009 ). This understanding has contributed to the development of fibre-reinforced soils, which employ artificial or natural fibres as a soil additive (Hejazi et al. 2012) . The second major component of root-enhanced geotechnical performance is changes to the hydrogeological regime via evapotranspiration. Removal of water from the soil can increase matric suction leading to increased effective stress and consequently increased ability of a soil to resist deformation due to loading (Vanapalli et al. 1996) . The extent of this effect is complex, and is partially dependent on the degree of evapotranspiration, which varies across seasons and partially on the depth of any failure zone (Kim et al. 2017; Ni et al. 2018; Stokes et al. 2009 ).
Plants in soil comprise a complex ecosystem (Danjon and Reubens 2008) and form a composite which is far more complicated than simply fibre-reinforced materials. In particular, plants and associated microorganisms secrete a range of organic materials which impact upon soil behaviour. Root exudates are a heterogeneous mix of various chemicals with purposes including root tip lubrication and mobilisation of desirable chemical species for plant uptake (Jones et al. 2009; Walker et al. 2003) . It has become apparent that mucilage alters soil structure in the zone immediately surrounding the root (Carminati et al. 2016) , changing both the mechanical and hydrological behaviour of this zone to the benefit of the plant. Microorganisms, stimulated and supported through the high levels of bioavailable plant secretions in the rhizosphere, themselves exude primarily carbohydrate-based polymeric substances resulting in the formation of complex multi-species communities encapsulated within biopolymer matrices, known as biofilms (Hall-Stoodley et al. 2004 ). These combined biopolymers (mucigel) allow greater moisture retention in the rhizosphere for a given negative water potential (Kroener et al. 2014) and are slow to both release water under drying conditions and to absorb water under wetting conditions, buffering and smoothing the impacts of wetting and drying cycles whilst maintaining moisture availability for the plant (Carminati et al. 2010; Zickenrott et al. 2016) . Mechanical adhesion of soil grains to roots, facilitated by the mucigel, helps to encourage contact between the root and soil, particularly during dry conditions, and facilitates water flow into root hairs at more negative water potentials and so allows better capture as well as retention of moisture (Carminati et al. 2016) .
Both plant and microbial biopolymers are known to impact mechanical soil properties. Biofilms have been shown to improve the peak shear strength of sands (Ahmed and Hussain 2010; Banagan et al. 2010 ) under certain conditions. Fresh root exudate has been shown to decrease penetration resistance allowing root elongation (Oleghe et al. 2017) . It causes adhesion of soil grains to roots (Gregory 2006) , as well as encourage aggregation of soil grains in proximity to the rhizosphere (Carminati et al. 2016; DeJong et al. 2010; Hinsinger et al. 2009 ), effectively anchoring the plant to the surrounding soil (Di Marsico et al. 2018; Whalley et al. 2005) . The movement of a root relative to the soil during deformation will therefore take adhered grains with it, effectively increasing the diameter of the root and increasing the area of the shear plane between soil and root, which is expected to impact upon the resistance to movement of plant roots through the soil (Hinsinger et al. 2009 ). Bond strengths between soil grains and soil and root surfaces are enhanced with wetting and drying cycles, as upon drying mucilage polymers are concentrated in bridges between surfaces which are resilient to disruption by subsequent wetting (Albalasmeh and Ghezzehei 2014; Benard et al. 2018) . Mucilage can, however, vary in its ability to stabilise soils in this way, with the polysaccharide content found to be an important determinant of stabilisation ability (Naveed et al. 2017a, b) . Model biopolymer models using plant and microbial exudates have been employed to explore the nature of the soil/root/mucigel relationship including polygalacturonic acid (PGA) as a model mucilage (Albalasmeh and Ghezzehei 2014; Czarnes et al. 2000; Peng et al. 2011) , and dextran and xanthan gum as model microbial exudates (Czarnes et al. 2000; Peng et al. 2011) . Both PGA and xanthan gum were found to have substantial effects on soil tensile strength and aggregation, and both offered some resilience to porosity changes upon wetting and drying cycles although the former impacted water repellency to a greater degree and offered a greater resilience (Czarnes et al. 2000) . Peng et al. (2011) found comparable effects although xanthan gum had the greatest impact on tensile strength whilst PGA was ineffective although the latter was tentatively attributed to the relatively large experimental sample size. In addition, artificial biopolymers have also demonstrated a considerable ground improvement effect when added in large amounts (Chang et al. 2016) . Based on the above understanding of the effects of plant and microbial biopolymers on the rhizosphere, the formation of a coherent rhizosheath around a root and changes to the geomechanical properties of the surrounding soil, such as increased aggregation, may be expected to contribute to the ability of plants to enhance geotechnical performance. However, the extent of this is currently unknown.
Whilst the effect of root-associated biopolymers on soil aggregation and related behaviour is well-known, the subsequent impact of these materials on the engineering behaviour of a particulate medium has received less attention. The purpose of this study was, therefore, to explore the contribution of root-associated biopolymers to the geotechnical performance of rooted soils. We test the hypothesis that additional cohesion imparted by biopolymers will have influence at low normal stresses experienced at shallow depths but that this influence will wane with depth as frictional behaviour dominates the soil shear performance. An experimental analogue of vegetated soil was employed, with xanthan gum gel-coated fibres as a mimic of roots and associated mucilage and biofilm. The natural root-soil relationship is complex and so by exploring an idealised scenario with appropriate control over testing parameters we are able to elucidate the effects of fibre content, root depth, xanthan gum gel concentration (i.e. viscosity) and impact of wetting and drying cycles.
Materials and methods

Soil size and properties
A fine to medium well graded silica sand (coefficient of uniformity [C u ] -2.41; coefficient of gradation [C g ] -1.28) with a specific gravity of 2.65 was employed.
Fibres
Branched fibres are considered here as idealised models of individual roots. In order to produce sufficient numbers of fibres to mimic typical fibre area ratios, 3D printing of polylactic acid (PLA) was employed. Each fibre had a main stem 30 mm in length with a cylindrical cross-section 1 mm in diameter with six 3 mm long branches evenly spaced either side of the main stem, as shown in Fig. 1 . The tensile strength of plant roots typically ranges from 5 MPa to 100 MPa (De Baets et al. 2008) , while here the tensile strength of the artificial fibre was determined to be 25 MPa indicating that the fibres are representative of roots in this regard.
Xanthan gum
Xanthan gum is a polysaccharide secreted by the bacterium Xanthomonas campestris, used commercially as a food additive and rheology modifier. It dissolves in water but is viscous at low concentrations, with decreasing viscosity at higher shear stress. It is used here to mimic plant mucilage and microbial biopolymers typically present in soil. Previous studies have found it to be an acceptable physical model of the primarily polysaccharide-based exopolymeric substances that comprise biofilms (Czarnes et al. 2000; Malarkey et al. 2015) and plant mucilage (Di Marsico et al. 2018) , with mucilages being considered as alternatives for commercial products such as xanthan gum. It has also been demonstrated to have significant soil adhesion properties, comparable to those of plant-exuded gums (Akhtar et al. 2018 ) whilst its effect on the mechanical properties of the soil has been found to have similarities to those of a common mucilage model, polygalacturonic acid (Czarnes et al. 2000) .
Sample preparation
Xanthan gum gel was prepared by mixing xanthan gum powder (2% or 4% w/v) into distilled water using a magnetic stirrer for 30 min. The gel was then manually applied to the fibres where appropriate by using tweezers to place fibres in the gel. gel attached per batch of 24 fibres was 3.6 g for 2% w/v gel, and 4.0 g for 4% w/v gel (0.15 and 0.2 g per fibre respectively). Such gel concentrations are higher than those sometimes used to model biopolymers (e.g. Peng et al. (2011) ) but were necessary to allow adhesion of an appropriate amount of gel to the fibres. Because the moisture levels within an exuded gel will equilibrate with the surrounding soil environment, the concentration of a biopolymer gel in the rhizosphere may take a range of values over time and so a range of values, including those used here, may be representative of conditions at different times.
Direct shear tests were carried out in standard shear box apparatus (60 × 60 mm specimens in plan, 45 mm depth). These dimensions are smaller than those typically used in physical and numerical modelling of rooted soil specimens (e.g. Sadek et al. (2010) , Mao et al. (2014) ), where large apparatus is used due to the potential variability of root systems and the need to encompass a representative specimen. Conversely, in this study we employ a regular and repeatable artificial fibre structure (similar to Gray and Ohashi (1983) who used apparatus of similar dimensions) -with consistent fibre dimensions and arrangements, there is less need for large apparatus. Cerato and Lutenegger (2006) discuss scale effects on sand under direct shear and show that mechanical behaviour is impacted by a combination of shear box dimensions, grain size and density. However, they confirm the effect noted by Jewell and Wroth (1987) that there is little effect of scale on shear behaviour if the ratio of box width W to maximum grain size D max is greater than 50 as is the case in this study (W = 60 mm; D max = 1.18 mm; W/D max = 50.8). Based on the above, the dimensions chosen here are considered to be appropriate for the purpose of our work.
Low normal stresses were employed and so care was taken in preparation of shear box specimens. Dry sand was employed to eliminate the effects of suction on mechanical performance. Initially, 50 g of sand was poured slowly into the shear box through a funnel which was supported by a frame, giving the funnel two degrees of freedom of movement but ensuring the height remained constant. The funnel was moved at a constant rate of 6 cm/s from side to side as the funnel was moved from one end of the shear box to the other, ensuring a reasonably uniform coverage of sand. The specimen was then placed on a shaking table at 480 rpm for one minute. Gel-coated fibres were placed vertically through a grid to ensure uniform distribution in every sample.
Fibre area ratios (A fibre /A soil ) of 0.26% or 0.52% (12 or 24 fibres) were employed, which correspond to typical measured root area ratios in the upper 0.5 m of forested slopes (Bischetti et al. 2005) . Branched fibres were placed with the stem arranged vertically and the branches arranged in a plane perpendicular to the direction of movement of the shear box. A further 150 g sand was then placed in the shear box and shaken in the same manner as that described above. The dry densities produced by this method ranged from 1. 58 g/cm 3 to 1. 62 g/cm 3 . The dry biopolymer contents are 0.18 mg and 0.36 mg per g dry soil (0.26 and 0.52% fibre area ratios respectively) with 2% gel, and 0.48 mg and 0.96 mg per g dry soil with 4% gel. These are within the reasonable range of mucilage contents determined for real vegetated soils of 0.05-50 mg per g dry soil (Zickenrott et al. 2016 ).
Direct shear tests
Direct shear tests were carried out following the British Standard method (BS 1377-7: 1990) using multiple shear box apparatuses constructed from rigid Acetal plastic. The shear boxes were machined from single blocks with no fixings or adhesives used in their production and are used for low normal stress applications only. A total of 135 tests were performed, with all tests performed on a Wykeham Farrance Direct Shear Testing apparatus, with normal stress applied using a hanger system apart from at very low stress (1 kPa) where the weight of the top cap was sufficient. The testing rate was 0.8 mm/min. Three replicates were performed for every test scenario to assess experimental variability.
Experimental structure
Effect of branched fibres
A series of direct shear tests under low normal stress (1 kPa, 10 kPa and 30 kPa) were carried out with sand only and with branched fibres (0.26 and 0.52% fibre area ratio).
Impact of gel on fibre reinforcement of sand
In order to mimic how plant roots and associated mucilage perform in soil stabilisation, the ability of gelcoated, branched fibres (0.26% fibre area ratio) to amend the shear properties of sand was explored. The effect of gel viscosity was determined by comparing the effect of gels with powder contents of 2 and 4% by mass to the effect of branched fibres in sand, and sand only (tests performed as part of the previous experiment). Each condition was again tested at normal stresses of 1, 10 and 30 kPa. As above, all tests were carried out in triplicate.
Effect of gel on sand structure with changing moisture conditions Drying of biopolymer gels will increase interaction between individual polymer molecules, increasing intermolecular bonding and increasing viscosity. This would be expected to increase sand adhesion to fibres, as well as encourage aggregation of sand particles close to the fibres. Gel-coated fibre-reinforced sand samples (2% gel powder content; 0.26% fibre area ratio) were subjected to drying at room temperature to obtain triplicate specimens with moisture losses in the gel of 20, 40, 60, 80 and 100% (determined by mass loss of specimens) prior to testing under direct shear at a normal stress of 1 kPa. Testing was only carried out at this lowest normal stress in order to explore the impact of the presence of gel in shallow soils.
Following these tests, the degree of soil aggregation was measured by removing the fibres and any strongly adhered sand before sieving the remaining sand (in each case, all three replicates were combined into one large sample) into six fractions (<0.063, 0.063-0.15, 0.15-0.3, 0.3-0.6, 0.6-1.18, >1.18 mm) before measuring the mass of each fraction.
Effect of wetting and drying cycles on fibre/gel/sand composites Specimens prepared as above (2% gel powder content; 0.26% branched fibre area ratio) were subjected to a number of wetting and drying cycles, with each cycle comprising immersion in distilled water for 10 min then complete drying at 40°C for 96 h (until sample weight was constant). Drying at this temperature for relatively short periods allowed complete drying whilst minimising degradation of the biopolymer (Czarnes et al. 2000) . Samples were then cooled at room temperature prior to subsequent wetting-drying cycles. Direct shear testing at a normal stress of 1 kPa was carried out on specimens after the wetting and drying stages of 0, 1, 2, 5 and 10 cycles. Fibre/sand (i.e. without gel) and sand-only controls were subjected to the same conditions and tested in an identical manner.
Statistical analysis
All experiments were performed in triplicate. The significance of differences between treatments was calculated using analysis of variance (Minitab v.17) with significance evaluated at P < 0.05 level. Pairwise comparisons were made using the Tukey method at the 95% confidence level where necessary in order to determine the significance of differences between means. Summary data are presented as means and standard error of the mean (n = 3).
Results
Effect of fibre content
Figure 2 presents the effect of branched fibres on shear performance of sand. All replicates are presented, indicating good repeatability under all loads and conditions. Stress-strain plots are presented rather than peak versus normal stress as the behaviour varied between treatments with only some specimen groups exhibiting a peak strength. Sand-only direct shear tests were carried out as control experiments, and display a well-defined peak, and a consistent post-peak reduction and ultimate stress. Fibres with 0.52% fibre area ratio increased the maximum stress by around 20-30%, although at a higher strain and with little or no observable post-peak reduction. At a lower fibre area ratio of 0.26%, fibres had little strength improvement over sand only, and again did not exhibit a distinct peak. All fibre tests demonstrated an elevated ultimate stress compared to sand alone (20-40% increase with 0.26% fibre area ratio, 40-50% increase with 0.52% fibre area ratio).
Xanthan gum gel as a model root mucilage -impact on shear performance of fibre-reinforced sand Xanthan gum gel was applied as a coating to branched fibres to explore how biopolymers such as mucilage around fibrous inclusions such as roots influence soil mechanical performance. Figure 3 shows that the presence of fresh, well-hydrated xanthan gum tended to increase the maximum mobilisable shear stress in fibrereinforced sand compared to specimens reinforced with dry branched fibres only, particularly with the lower gel composition. At the highest normal stress (30 kPa), the ultimate shear strength had not yet been reached by the end of testing. It is higher than that without gel, although is only mobilised at very high strain as the gel causes a much slower mobilisation of shear stress with increasing strain at this higher stress. The greatest proportional improvement in ultimate stress was observed at the lowest normal stress of 1 kPa (approximately 20%), although only slightly lesser increases may occur at 30 kPa (determined by extrapolation of the curves).
A slightly smaller stiffness was observed with a gel concentration of 4% (Fig. 3) , particularly at lower normal stresses (1 and 10 kPa) which may be attributed to the greater mass of gel attached to the fibre during preparation (typically 0.2 g per fibre, compared to 0. 15 g per fibre with 2% gel). Although this higher concentration gel is more viscous, it is suggested that this less fluid gel is better able to resist compressive stresses forcing sand grains toward the fibre, and so better reduce the friction between the two when these compressive stresses are smaller.
A summary table containing key comparative data from Figs. 2 and 3 is presented (Table 1) . Maximum stresses are presented rather than peak stresses as a number of tests did not exhibit a clear peak. In some cases, therefore, the maximum value is equivalent to the ultimate stress. Ultimate stresses were determined as either the consistent stable stress reached by the end of testing or from an average of the final five stress measurements in cases where no consistent final stress was reached (these latter cases are denoted in the table). Fig. 2 Influence of fibre content and shape on shear behaviour of dry sand (samples tested in triplicate). Labels on right hand side indicate the normal stress applied during direct shear testing Fig. 3 Influence of presence of biopolymer gel on shear behaviour of dry sand reinforced with branched fibres (0.26% area ratio). Labels on right hand side indicate the normal stress applied during direct shear testing Further gel-coated branched fibre-reinforced sand specimens were prepared and dried at room temperature until they had lost 20%, 40%, 60%, 80% and 100% of their original moisture before being tested under direct shear at a normal stress of 1 kPa (Fig. 4) . Good repeatability between triplicates was observed (minor plots on Fig. 4 ). With this small amount of fibres tested (0.26% fibre area ratio, or 12 fibres), the fibre reinforcement on its own led to a loss of brittle behaviour with no clear peak present, but a considerable increase in ultimate strength, as previously shown (Fig. 3) . Similar behaviour is observed with fresh and dried gel present with increasing drying typically leading to increasing shear stress for a given strain. Partially dried gel/fibre reinforced soil specimens (20, 40 and 60% water loss) all had a similar ultimate stress at the end of testing, approximately 10-20% greater than that with fresh gel on average. The initial response was similar to that with fresh gel for 40 and 60%-dried samples, although with 20% drying, the shear stress in two of the three specimens climbed to a higher stress before levelling out. With specimens dried to 80 and 100% water loss, the shear stresses at a given strain were broadly similar, though higher than previously. The 80%-dried specimens exhibited greater variability initially than other specimen groups. A summary table of ultimate stresses, together with statistical significance information, is presented (Table 2). As described above, ultimate stresses were determined as either the consistent stable stress reached by the end of testing or from an average of the final five stress measurements.
Following the direct shear testing of the dried gelamended specimens discussed above, the sand not associated with fibres was dry-sieved to determine the particle size distribution. Figure 5 clearly demonstrates that partially or fully dried specimens had an increased incidence of particles between 300 and 600 μm in size, with a concomitant reduction in particles between 63 and 150 μm. This suggests that increased aggregation of the sand occurs due to drying of the gel in the region of the fibre. Fresh gel did not have a noticeably different distribution to sand alone. Changes in shear strength over wetting and drying cycles Figure 6 presents the greatest shear strength recorded in direct shear tests on specimens (normal stress, 1 kPa) subjected to increasing numbers of wetting and drying cycles. In all specimens consistent ultimate stresses were reached without any significant peaks being observed. Specimens without biopolymer gel or with wetted gel exhibited typical loose sand behaviour (monotonically decreasing stress gradient). Dried specimens with gel typically exhibited a more brittle response, but there was little or no post-yield decrease in stress. It is these consistent maximum stresses that are presented on Fig. 6 . Little change in shear performance was observed with fibres present upon initial wetting in the first cycle, although there was a significant (p < 0.05) decrease in maximum stress with wetting of sand alone. Upon drying, however, the peak strength increased by a factor of two in specimens amended with fibres and gel. With fibres (no gel), and sand only, an improvement was noted upon drying which was much smaller than with gel, although still significantly higher than the preceding wetted strength (p < 0.05). Thereafter, changes in maximum shear stress between wetting and drying cycles were all significant for all treatments. Dried strengths for all three treatments were significantly different from each other at each cycle (p < 0.05), whilst there was no such distinction between saturated fibre-reinforced specimens with or without gel (indicating the small effect of saturated gel). Wetted sand specimens were significantly weaker, however.
Discussion
Using an idealised experimental model of a complex natural system
The idealised fibre/gel/sand composite employed as a root system model is a considerable oversimplification of natural systems. Instead of the simple branched structures used here, root architectures are complex and environment-dependent whilst the root fibres themselves vary in physical (e.g. diameter, depth) and Values presented are means ± standard error (n = 3) Different miniscule letters indicate differences in the ultimate stress among the five applied conditions (P < 0.05) † denotes a non-static ultimate stress mechanical properties such as stiffness (Liang et al. 2017) , presence of hairs (Koebernick et al. 2017 ) rate of exudation and so on (Huang et al. 2014; Marschner 2012) . The exudate itself can vary considerably in its chemistry, which in turn impacts upon the degree of soil stabilisation -different plant exudates can strengthen or weaken soils, which has been correlated with the polysaccharide and organic acid content (Naveed et al. 2017a ). Similarly, exudates from different sources associated with soils can positively or negatively affect soil water repellency, with subsequent effects on water transport and suction behaviour (Naveed et al. 2017b ). The soil system will differ in terms of soil moisture levels, the presence of other organic matter (e.g. humic acids) Fig. 5 Particle size distribution curves for sand after gel-treated fibres and adhering sand removed Fig. 6 Maximum shear stress in gel-coated fibre-reinforced sand, fibre reinforced sand and sand only specimens (1 kPa normal stress, 0.26% fibre area ratio) subjected to wetting and drying cycles. Error represent the standard error of the mean (n = 3) and soil grain properties (e.g. size, surface charge, shape). Not only that but many aspects of this system are transient -roots grow or decline, moisture levels vary, biopolymers are degraded et cetera. The idealised system employed here is not designed to mimic these many effects, although roots as fibres are perhaps the most fundamental effect on vegetated soil and they are considered as such in many models of soil reinforcement (Wu 2013) . Instead, they offer a basic model upon which the effect of biopolymer, as a model mucilage, can be elucidated whilst minimising confounding effects of other factors. This has allowed us to understand the likely key impacts on the geotechnical behaviour of vegetated soil, whilst knowing that biopolymers can have a measurable effect at such scales may contribute to the design or management of vegetated soils for infrastructure purposes. However, the effect of the soil and plant factors discussed above on the role of biopolymer and the magnitude of its impact on larger scale geotechnical behaviour is an appropriate topic for future work in this area. Changes to the stress-strain behaviour of sand when fibres were added (Fig. 2) corresponds to the expected behaviour as reported in the literature. The initial, pseudo-elastic stiffness was not significantly affected with fibres present whilst there is substantial improvement of the ultimate stress, as previously observed with physical (Gray and Ohashi 1983; Sadek et al. 2010 ) and numerical models (Bourrier et al. 2013; Mao et al. 2014) . With sufficient fibre content an increased but delayed peak was observed, corresponding to the observations of Gray and Ohashi (1983) and Sadek et al. (2010) , whilst the decreased post-peak reduction is explained by the ability of the fibres to provide shear resistance after the soil itself has reached its peak strength (Liang et al. 2017) . The presence of gel significantly improved the maximum stress only at 30 kPa normal stress, whereas the impact on ultimate stress was significant at all levels of normal stress. These improvements are typically mobilised at larger strains compared to specimens without gel.
As the behaviour of xanthan gum is considered to be representative of a typical biopolymer in the soil environment, the behaviour observed above is expected to be representative of vegetated soil behaviour (Malarkey et al. 2015; Redmile-Gordon et al. 2014) . Despite the mass of biopolymer being small compared to that used for ground improvement purposes by Chang et al. (Chang et al. 2016 (Chang et al. , 2017 ) (0.18 mg dry biopolymer per g sand for 0.26% fibre area ratio and 2% gel), and its physical distribution restricted to the zone immediately adjacent to the 'root', it is able to offer a noticeable contribution to the geotechnical performance of this artificially planted soil.
Effect of depth on root/soil interaction enhancement mediated by biopolymers There are two competing effects of gel, and therefore of natural biopolymers, on sand. The presence of biopolymers in the rhizosphere contributes to mechanical performance and overall increased cohesion of the soil mass through aggregation and bonding of multiple particles around the fibre (Jones et al. 2009; Walker et al. 2003) . Any cohesion enhancement would be fixed, and therefore would become less significant with depth as frictional effects increased in importance. We attribute the greatest proportional improvement in shear performance of fibre/ biopolymer-stabilised sand at the lowest normal stress (1 kPa), equivalent to the shallowest depth (Fig. 3) , to the cohesive effects of the gel.
At greater depths, where the frictional response of soils increasingly governs mechanical performance, there are lubrication effects that limit the rate of shear strength mobilisation and may contribute to increased densification in regions where biopolymer is present. At the lowest stress (shallowest depth), no effect from lubrication on the rate of shear stress mobilisation was observed. At the highest normal stress (30 kPa), however, gel inclusion led to markedly reduced stress mobilisation with strain, which is suggestive of lubrication. An increased ultimate stress was also observed under these conditions, which is thought to have been caused by increased packing and densification made possible by particle lubrication. The magnitude of the increase was greater than that observed at lower normal stresses and so cannot be attributed solely to increased cohesion. Root growth at depth and in compacted soil is aided by the presence of freshly exuded mucilage which lubricates root caps to facilitate root extension (Iijima et al. 2003; Oleghe et al. 2017) , and so a similar effect of freshly prepared gel is not unexpected. However, the decreasing prevalence of biopolymer with distance below the soil surface means that such effects will be less likely to impact upon soil bulk properties.
Increased strength of biopolymer composites with drying A soil environment will be subjected to substantial changes in the moisture regime, particularly near the surface where plant roots are located. Fresh plant mucilage is moist and, amongst other things, provides lubrication to allow ease of penetration of the growing root through the soil, as discussed previously. The majority of root length is located in the vadose zone, which is usually only partially saturated with pore water, and so once released into the soil environment the mucilage will be subjected to drying, which will affect the mechanical properties of the gel.
As a polymer gel dries, the individual molecules are increasingly likely to approach and interact with one another, allowing secondary bonds to develop and therefore increasing the viscosity, and resistance to shear, of the gel, in this case bonding the fibres and surrounding sand grains more firmly together. The higher ultimate shear stress observed with partially and fully dried gels (Fig. 4) may be attributed to a more strongly held artificial rhizosheath and increased resistance to motion of this 'column' of sand surrounding the fibres within the wider sand specimen. This is in agreement with the conclusion of Barrere et al. (1986) and Watt et al. (1994) who demonstrated similar drying effects in the rhizosheath.
Although these changes in stress/strain response compared to the fresh gel are relatively modest in themselves, they are statistically significant at higher levels of drying (Table 2 ) and it should be noted that drying contributes an approximately 30% increase in ultimate shear strength (80 and 100% dried) at the end of testing despite there being only a very small mass of gel present in a small number of isolated fibre locations. Also, when comparing this to the impact of fibres alone at the same low normal stress (Fig. 3 and Table 1 ), it is observed that the contribution of dried gel around fibres to the soil performance (45% increase in maximum strength compared to fibres [0.26%] alone) is greater than the effect of the fibres themselves (approximately 12% increase in highest stress mobilised compared to sand alone). It may therefore be expected that plant mucilage will provide a sizeable contribution to the geotechnical performance of shallow rooted soils upon drying. It is expected, however, that this is a more important effect at very low normal stresses observed in shallow soils, as with increasing normal stress the increasing role of friction between grains and fibres will overcome the impact of the gel, dried or not.
The similarity between the particle size distributions at different levels of drying (Fig. 5 ) is likely to be because the amount of gel present in each test was similar, and so the extent of the gel's influence will remain the same once a particular drying threshold is reached. With fresh gel, the inter-grain bonding may not have been sufficient for the aggregate to act as a single unit. Increased aggregation can be attributed to the presence of vegetation, through the release of exudates, enhanced microbial activities and greater levels of soil organic carbon; this aggregation has been found to be correlated with increased cohesion but with no apparent effect on angle of friction (Fattet et al. 2011) . The presence of larger aggregates may therefore be at least a partial cause of the observed changes in shear strength in the presence of an artificial plant mucilage through greater interlocking. As the shear strength appears to increase with degree of drying but the particle size distribution does not change, there is likely to be an additional cause, such as stronger intra-aggregate and sand-fibre cementation.
Cyclic shear behaviour during wetting and drying cycles It was shown above that drying of the gel-coated fibre reinforced specimens led to an increase in sand aggregation and an increase in ultimate shear strength. However, subsequent rewetting of the gel may cause it to swell and lose any previously gained shear strength whilst over multiple cycles of wetting and drying the gel performance may deteriorate. In the natural environment, drying and wetting cycles not only affect the plant growth, but also influence the mineralization, aggregation and structure in the soil (Six et al. 2000) . Previous tests showed periodic drying and wetting cycles increased the soil aggregate strength. Czarnes et al. (2000) suggested secretion of root biopolymers combined with wetting and drying cycles stabilize soil structure by increasing the strength of bonds between particles and buffering the destructive features of rapid wetting rates.
The considerable improvements in maximum mobilisable shear strength observed in gel-amended specimens following drying cycles (Fig. 6 ) are much greater than those observed simply through drying alone (Fig. 4) . The drying process in the former was at an elevated temperature (40°C as opposed to room temperature), which may have caused a difference in the final polymer structure, but the ultimate state should be similar. However, a major difference between the two is the preceding wetting cycle present in the former case. Originally, fibres coated in gel were simply placed in the sand, and gel bonding to sand simply through contact between the two would be limited. Xanthan gum can be dispersed in water, as can the biopolymers that make up root mucilage, and so it is suggested that wetting disrupted the original gel structure, enhancing the ability of polymer molecules to adhere to the surrounding grain surfaces and increasing bond strength between fibre and sand. Upon drying, this has the effect of widening the zone of influence of the biopolymer, increasing the diameter of the fibre-associated sand region (and its resilience to shear), and so increasing the resistance to motion of the fibre and attached sand grains within the specimen, consequently increasing the shear resistance of the fibre/gel/sand composite.
The complete loss of additional strength due to gel following each rewetting stage may be attributed to rapid resaturation of the thin gel films around the surface of each fibre and loss of polymer molecule interactions. Gains and losses in maximum mobilisable shear strength appear consistently over the ten cycles tested, with no apparent deterioration in performance, unlike that seen with high levels of gel only (Chang et al. 2017) where the maximum peak strength upon drying decreased with number of cycles, attributed to gradual breakdown of the gellan gum structure bonding sand grains upon wetting. No such breakdown was observed here, although given the ability of xanthan gum to slowly dissolve it is expected that deterioration would gradually occur as the biopolymer molecules gradually dispersed. For soils with consistent levels of biopolymer present, maintained through a degree of turnover and so production of fresh biopolymer as older material breaks down, the effect on mechanical properties due to the presence of biopolymer will be consistent.
Conclusions
The presence of biopolymers such as plant mucilage at the root/soil interface contributes to the ability of vegetation to stabilise and strengthen surface soils. Using an analogue of root and mucilage in sand, improvements in shear strength were observed due to the mucilage gel particularly at shallower depths, whilst increasing effects of lubrication were seen at depth as frictional behaviour began to dominate. Drying of the gel caused further increases in shear strength of up to 30%. At shallow depths, the enhancement provided by the gel was comparable to that provided by the root fibres. Wetting and drying cycles demonstrated substantial and consistent variation in the contribution of gel to shear strength between the dry and wetted state, with the former exhibiting a 100% increase in strength over the latter. The potential for mucilage to enhance soil stabilisation even in relatively coarse-grained soil has been demonstrated but is dependent on the soil moisture regime. Although surface soils are likely to be unsaturated for the majority of the time, and therefore may benefit from biopolymer strengthening, this particular component of soil structure is susceptible to losses in strength upon increases of water content in the soil. Changes in strength of vegetated soils upon wetting may therefore arise not only due to changes in suction but also to the ability of biopolymers to sustain loading at different levels of moisture, with potential consequences in situations such as the stability of vegetated slopes subject to rainfall. However, if the observed effects are confirmed at a larger scale then schemes to optimise the effects of plant-associated biopolymers (e.g. moisture control, plant selection) may be incorporated into the management and design of vegetated soil infrastructure.
